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Abstract: The mixing of three active neutrino flavors is parameterized by the unitary
PMNS matrix. If there are more than three neutrino flavors and if the extra generations
are heavy isosinglets, the effective 3 × 3 mixing matrix for the three active neutrinos will
be non-unitary. We have analyzed the latest T2K and NOνA data with the hypothesis
of non-unitary mixing of the active neutrinos. We found that the NOνA data slightly (at
∼ 1σ C.L.) prefer the non-unitary mixing over unitary mixing. In fact, allowing the non-
unitary mixing brings the NOνA best-fit point in the sin2 θ23 − δCP plane closer to the
T2K best-fit point. The T2K data, on the other hand, prefer unitary mixing. A combined
analysis of the NOνA and T2K data also prefers the unitary mixing but cannot rule out
the 1σ C.L. non-unitary region derived from the NOνA data alone. We derive constraints
on the non-unitary mixing parameters using the best-fit to the combined NOνA and T2K
data. These constraints are similar or slightly more restrictive than previously found.
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1 Introduction
Neutrino oscillation phenomena has been well established by the solar [1, 2], atmospheric [3]
and reactor [4–6] neutrino experiments. The oscillations between 3-neutrino flavors depend
on three mixing angles θ12, θ13 and θ23; two independent mass-squared differences ∆21 =
m22−m21 and ∆31 = m23−m21; and a CP violating phase δCP. The angle θ12 and mass-squared
difference ∆21 were measured in the solar neutrino experiments [1, 2], |∆31| was measured
in the accelerator neutrino experiment MINOS [7], and θ13 was measured in the reactor
neutrino experiments [4–6]. However, the sign of ∆31, the octant of θ23 and the value of
δCP are still unknown. Currently operating long baseline accelerator neutrino experiments,
namely T2K [8] and NOνA [9], are expected to measure these unknown quantities. Both
the experiments published their latest data in 2018 and 2019 [10–13]. According to the
present analysis, the T2K best-fit point is at sin2 θ23 = 0.53+0.03−0.04 for both hierarchies, and
δCP/pi = −1.89.1+0.70−0.58 (−1.38+0.48−0.54) for normal (inverted) hierarchy [13]. On the other hand
the NOνA best-fit point is at sin2 θ23 = 0.56+0.04−0.03, and δCP/pi = 0
+1.3
−0.4 for normal hierarchy.
Therefore, there is a visible difference between the δCP values at the NOνA and T2K best-
fit points. A previous result from the NOνA collaboration [14, 15] had some mild tension
with the T2K data, which has been discussed in ref. [16]. In the latest analysis with the
NOνA data, the best-fit point is now closer to the T2K best-fit point, but differences still
exists as NOνA disfavors the T2K best-fit point at 1σ C.L. and vice versa.
Apart from the unknowns in the three flavor neutrino mixing, there are anomalies from
the short baseline experiments, which cannot be accounted for in the three flavor oscillation
formalism. These anomalies are namely
1. Reactor anomalies: It implies a deficit of observed ν¯e event numbers in different
detectors situated at a few meters away from the reactor sources, compared to the
predicted number. In particular, the average ratio is Ravg = Nobs/Npred = 0.927 ±
– 1 –
0.023 [17]. Recent updates have changed the predictions slightly, giving an average
ratio Ravg = 0.938±0.023 [18], which is a 2.7σ deviation from unity. However, there is
a lack of knowledge of the reactor neutrino fluxes and a detailed study of the forbidden
transition in the reactor neutrino spectra may increase the systematic uncertainties to
few percentages. Moreover, there are similar indications of νe disappearance from the
SAGE [19] and GALLEX [20] solar neutrino experiments. A combined analysis of the
detected and predicted number of neutrino events from the source givesR = 0.86±0.05
[21, 22], another 2.7σ deviation from unity. Both of these deficits of low energy ν¯e
events can be explained by an oscillation at ∆m2 ≥ 1 eV2 over very short baseline.
2. LSND and MiniBooNE anomalies: The LSND experiment [23] at the Los Alamos
National laboratory was designed to observe ν¯µ → ν¯e oscillations over a baseline of
30 m. After 5 years of data taking, it observed 89.7± 22.4± 6.0 ν¯e candidate events
over background, providing a 3.8σ evidence of ν¯µ → ν¯e oscillations at ∆m2 = 1 eV2
region. Therefore, this result cannot be accommodated in three flavor scenario. The
MiniBooNE experiment [24] at the Fermilab was designed to observe νµ → νe and
ν¯µ → ν¯e oscillations over 540 m baseline using the Booster Neutrino Beam (BNB), a
predominantly muon-neutrino beam, peaking at 700 MeV. It observed a 3.4σ signal
excess of νe candidate and 2.8σ signal excess of ν¯e candidates.
The most common explanation of these anomalies is the existence of one or more “ster-
ile" neutrino states with mass at or below a few eV range, see ref. [25] for a comprehensive
review. The minimal model consists of 3+1 neutrino mixing, dominated by νe, νµ and ντ ,
with very small perturbative contribution from the new sterile flavor νx. The νx mainly
consist of a very heavy eigenstate ν4 with mass m4, such that m1, m2, m3  m4 and
∆41 = m
2
4−m21 = [0.1−10] eV2. Recent results from the IceCube experiment constrain the
sterile neutrino mass and mixing using atmospheric neutrino fluxes [26]. In 2018, however,
MiniBooNE has again confirmed a 4.7σ excess of combined νe and ν¯e events [27]. The
present significance of the excess from combined analysis of MiniBooNE and LSND is 6σ.
Constraints on the existence of sterile neutrino have been discussed in ref. [28–30], while
ref. [31–35] discuss about the effects of light sterile neutrino on present and future long
baseline experiments.
If extra neutrino generations exist as isosinglet neutral heavy leptons (NHL), in the
minimal extension of the standard model, they would not take part in neutrino oscillations,
however. The admixture of such leptons in the charged current weak interactions would
affect the neutrino oscillation, and the neutrino oscillation would be described by an effective
3 × 3 non-unitary mixing matrix [36]. NHL would induce charged lepton flavor violation
processes [36, 37]. If Majorana type, these NHLs will modify the rate of neutrinoless double
beta decay [38, 39]. The theory of neutrino oscillation in the presence of non-unitarity in the
3-generation scheme and its effect on long baseline accelerator neutrino, have been studied
in several references [40–44]. A global analysis assuming non-unitary hypothesis has been
done and limits on non-unitary parameters have been given in ref. [45].
In this paper, we have explored whether the present T2K and NOνA data can exclude
the non-unitary 3× 3 mixing, and if not, whether the non-unitary 3× 3 mixing hypothesis
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can lead to better agreement between the T2K and NOνA data. A combined analysis with
the non-unitary hypothesis has also been done. In Section 2, we have discussed the theory
of neutrino oscillation probability in the presence of a non-unitary 3 × 3 mixing matrix.
Details of the simulation method have been discussed in Section 3. In Section 4, we have
presented our results, and the conclusion has been drawn in Section 5.
2 Non-unitary oscillation probabilities
In the standard case of 3 active neutrinos, the flavor basis νf (f = e, µ, τ) is related to
the mass basis νm (m = 1, 2, 3) by the relation νf = Uνm, where U is the unitary PMNS
matrix. The Schrödinger equation for neutrino propagation in matter can be written as
i
d
dt
νm = (H + U
†AU)νm , (2.1)
where H is the Hamiltonian and A is the matter potential. The solution to the above
equation, after propagation over a distance L in matter, is νm(L) = Sm(L)νm, where
Sm(L) = We
−iLE˜W † = e−iLWE˜W
†
(2.2)
is the S-matrix in the mass basis, with W being the transformation matrix between the
mass basis νm and the mass basis in matter ν˜m such that νm = Wν˜m. The energies
E˜ = diag(E˜1, E˜2, E˜3), where E˜i are the eigen values in the ν˜m basis. The S-matrix in the
flavor basis can be found from the mass basis in eq. (2.2) by using the unitary property of
the PMNS matrix as
Sf (L) = USm(L)U
† = e−iLUWE˜W
†U† . (2.3)
Flavor change in terms of the S-matrix is νf (L) = Sf (L)νf . Correspondingly, the oscillation
probability from flavor α to flavor β can be written as
Pαβ = |(Sf (L))βα|2 . (2.4)
One can extend this formalism to n × n unitary mixing matrix Un×n with 3 active
neutrinos and (n− 3) heavy singlet neutrinos [45]. In that case,
Un×n =
[
N3×3 Q3×(n−3)
V(n−3)×3 T(n−3)×(n−3)
]
. (2.5)
The interaction potential matrix A can be written as
An×n =
[
A3×3 0
0 A(n−3)×(n−3)
]
, (2.6)
where, for the usual matter potential, the term A3×3 is the same as in eq. (2.1) and
A(n−3)×(n−3) = 0. An explicit formalism for the potential matrix has been discussed in
details in refs. [43]. The Hamiltonian in vacuum in this case can be written as
Hn×n =
[
H3×3 0
0 H(n−3)×(n−3)
]
, (2.7)
– 3 –
where H3×3 is the Hamiltonian in vacuum from eq. (2.1). Similarly, the neutrino flavor
vector can be rewritten as
νfn =
[
νf3
νf(n−3)
]
, (2.8)
where we split the flavor vector in active νf3×1 and heavy νf(n−3)×1 parts. The W matrix
similar to that in eq. (2.2) can be written as
Wn×n =
[
W3×3 W3×(n−3)
W(n−3)×3 W(n−3)×(n−3)
]
, (2.9)
and the E˜ matrix from eq. (2.2) can be written as
E˜n×n =
[
E˜3×3 0
0 E˜(n−3)×(n−3)
]
. (2.10)
The Hamiltonian in the presence of matter potential, following eq. (2.1), is
Hmn×n = Hn×n + U
†
n×nAn×nUn×n (2.11)
=

H3×3 +N
†
3×3A3×3N3×3 + N †3×3A3×3Q3×(n−3) +
V †(n−3)×3A(n−3)×(n−3)V(n−3)×3 V †(n−3)×3A(n−3)×(n−3)T(n−3)×(n−3)
Q†3×(n−3)A3×3N3×3 + H(n−3)×(n−3) +Q†3×(n−3)A3×3Q3×(n−3) +
T †(n−3)×(n−3)A(n−3)×(n−3)V(n−3)×3 T †(n−3)×(n−3)A(n−3)×(n−3)T(n−3)×(n−3)
 .
Similarly, the S-matrix in the mass basis, following eq. (2.2), is
Smn×n(L) = Wn×ne
−iLE˜W †n×n (2.12)
=

W3×3e−iLE˜3×3W
†
3×3 + W3×3e
−iLE˜3×3W †(n−3)×3 +
W3×(n−3)e−iLE˜(n−3)×(n−3)W
†
3×(n−3) W3×(n−3)e
−iLE˜(n−3)×(n−3)W †(n−3)×(n−3)
W(n−3)×3e−iLE˜3×3W
†
3×3 + W(n−3)×3e
−iLE˜3×3W †(n−3)×3 +
W(n−3)×(n−3)e−iLE˜(n−3)×(n−3)W
†
3×(n−3) W(n−3)×(n−3)e
−iLE˜(n−3)×(n−3)W †(n−3)×(n−3)

.
The masses of the heavy right handed neutrinos are expected to be several orders of mag-
nitude larger than the masses of the active neutrinos and the potential terms. Under this
condition the elements W3×(n−3) and W(n−3)×3 satisfy conditions that they are  1, fol-
lowing the typical see-saw mechanisms [46, 47]. Therefore, we can neglect these terms and
write the S-matrix as
Smn×n(L) ≈
[
W3×3e−iLE˜3×3W
†
3×3 0
0 W(n−3)×(n−3)e−iLE˜(n−3)×(n−3)W
†
(n−3)×(n−3)
]
≡
[
Sm3×3 0
0 Sm(n−3)×(n−3)
]
. (2.13)
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The S-matrix in the flavor basis is written, following eq. (2.3), as
Sfn×n(L) = Un×nSmn×n(L)U
†
n×n
=
[
NSm3×3N
† +QSm(n−3)×(n−3)Q
† NSm3×3V † +QSm(n−3)×(n−3)T
†
V Sm3×3N
† + TSm(n−3)×(n−3)Q
† V Sm3×3V † + TSm(n−3)×(n−3)T
†
]
.(2.14)
In case of 3 active neutrinos the flavor changes, following eq. (2.8), as
νf3(L) = (NSm3×3N
† +QSm(n−3)×(n−3)Q
†)νf3
+(NSm3×3V
† +QSm(n−3)×(n−3)T
†)νf(n−3) . (2.15)
Here Sm3×3 is the same as in eq. (2.2). With a similar see-saw mechanism argument due to
the connection between the mass and flavor bases, the elements of Q and V are much lower
compared to the terms containing N and T matrices [45, 47]. As a good approximation, we
can therefore eliminate terms with Q and V matrices and write the non-unitary solution
for 3-active neutrino flavor states as
νf3(L) ≈ Ne−iLW3×3E˜3×3W
†
3×3N †νf3 ≡ Sf (L)νf3 . (2.16)
The corresponding oscillation probability can be calculated using eq. (2.4).
We use the following parametrization of the non-unitary mixing matrix N [45]
N = NNPU3×3 =
α00 0 0α10 α11 0
α20 α21 α22
UPMNS , (2.17)
where the diagonal term(s) must deviate from unity and/or the off-diagonal term(s) deviate
from zero to allow non-unitarity effect. The oscillation experiments can probe non-unitarity
only if the α parameters vary at least at the percent scale [36, 45, 48]. There exists severe
constraint on the parameter |α10| < 10−5 from non-observation of the µ → eγ decay [48].
However, this bound can be relaxed in certain neutrino mass-generation models involving
inverse or linear see-saw mechanism [36]. In this paper, to calculate the probabilities, we
have kept the α parameters fixed at their 3σ boundary values [43]:
α00 > 0.93 ; α11 > 0.95 ; α22 > 0.61
|α10| < 3.6× 10−2 ; |α20| < 1.3× 10−1 ; |α21| < 2.1× 10−2 (2.18)
The standard unitary parameter values have been fixed at their best-fit values [49]. In
Fig. 1, we have shown the comparison of the νµ → νe oscillation probabilities and νµ → νµ
survival probabilities between the unitary (labeled u) and non-unitary (labeled n-u) 3× 3
mixing, for both the normal hierarchy (NH) and inverted hierarchy (IH) in the case of the
NOνA experiment baseline. The unitary CP violating phase δCP has been kept as a floating
parameter. The phases associated with the non-diagonal elements of the α matrix are zero.
Similar comparison has been done for the T2K experiment as well in Fig. 2.
From the standard unitary case, we know that the oscillation probability Pµe (Pµ¯e¯)
gets a double boost (double suppression) when the hierarchy is NH and δCP is in the lower
– 5 –
Figure 1. Comparison between unitary and non-unitary 3× 3 mixing of νµ → νe (νµ → νµ) probabilities
in the upper (lower) panel for the NOνA experiment (810 km baseline). Left (right) panel is for normal
hierarchy (inverted hierarchy). The unitary CP-violating phase δCP has been varied in its total range
[−180◦ : 180◦]. Non-unitary complex phase φ10 = 0. Non-unitary parameters are fixed at their boundary
values in eq. (2.18) taken from ref. [43].
Figure 2. Same as Fig. 1 but for the T2K experiment (295 km baseline).
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half plane (LHP). Similarly Pµe (Pµ¯e¯) gets a double suppression (double boost) when the
hierarchy is IH and δCP is in the upper half plane (UHP). Therefore Pµe (Pµ¯e¯) is maximum
(minimum) for NH and δCP in LHP and minimum (maximum) for IH and δCP in UHP.
From both Figs. 1 and 2, it is obvious that for νµ disappearance channels the survival
probability for unitary 3× 3 mixing matrix can be differentiated from the non-unitary one
only outside the detectable energy range of the NOνA (2.0 GeV flux peak energy) and T2K
(0.7 GeV flux peak energy) experiments. For νe (ν¯e) appearance probability, there is a
good possibility to differentiate between the non-unitary and unitary cases when NH (IH)
is the true hierarchy and δCP is in LHP (UHP). However, for both NOνA and T2K, the
unitary probability in the case of neutrino (anti-neutrino) for NH (IH) and δCP = 0 can be
mimicked by the non-unitary probability for NH (IH) and δCP in the LHP (UHP).
In Figs. 3 and 4, we have compared between the oscillation probabilities of the unitary
and non-unitary case for φ10 = pi/2 and −pi/2, respectively. For both NH and IH, the oscil-
lation probabilities in the neutrino channel, can be mimicked by the non-unitary oscillation
probability with φ10 = pi/2 and it holds for both NOνA and T2K. For this value of φ10,
the discrimination between the unitary and non-unitary cases is better in the anti-neutrino
channel. However, for φ10 = −pi/2 and for both the experiments, the unitary oscillation
probabilities in the anti-neutrino channel can be mimicked by the non-unitary probabil-
ity. The neutrino channel has better discrimination capability between the unitary and
non-unitary cases for both the experiments in this case. Moreover, for T2K, the unitary
oscillation probabilities in the neutrino (anti-neutrino) channel, with NH and almost for the
total range of δCP, can be mimicked by the non-unitary probabilities with IH and φ10 = pi/2
(−pi/2). It is clear from this discussion that data from the NOνA and T2K experiments
may not constrain the non-unitarity significantly.
In Figs. 5-8, we have shown the ratio of the non-unitary to unitary oscillation probabil-
ities as a function of L/E and δCP, where L is the baseline of an experiment and E is the
energy of the neutrino beam. To do this, we fixed E to four values, namely 0.7 GeV, 2 GeV,
2.5 GeV and 5 GeV and varied L from 100 km to no more than 1500 km. The non-unitary
parameters are fixed at their boundary values as before and φ10 = 0. The first three energy
values are respectively for the NOνA, T2K and DUNE flux peak points. It is clear from the
figures that NOνA and T2K, along with DUNE, have discrimination capability between
the non-unitary and unitary cases for a very small range of δCP. If a future experiment can
be built with smaller baseline and larger energy, it is possible to differentiate between the
non-unitary mixing from the unitary one better.
3 Simulation details
The T2K experiment [8] uses the νµ beam from the J-PARC accelerator at Tokai and the
water Cherenkov detector at Super-Kamiokande, which is 295 km away from the source.
The detector is situated 2.5◦ off-axis. The flux peaks at 0.7 GeV, which is also close to
the first oscillation maximum. T2K started taking data in 2009 and so far has taken data
[10, 11, 13] corresponding to 14.9× 1020 (16.4× 1020) protons on target (POT) in neutrino
(anti-neutrino) mode. The NOνA detector [9] is a 14 kt totally active scintillator detector
– 7 –
Figure 3. Comparison between the unitary and non-unitary νµ → νe probabilities for φ10 = pi/2 (−pi/2)
in the upper (lower) panel for the NOνA experiment. Left (right) panel is for Normal hierarchy (inverted
hierarchy). The unitary CP violating phase δCP has been varied in its total range [−180◦ : 180◦]. The
non-unitary parameters are fixed at their boundary values in eq. (2.18) taken from ref. [43].
Figure 4. Same as Fig. 3 but for the T2K experiment.
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Figure 5. Ratio of the non-unitary to unitary oscillation probabilities as a function of L/E and δCP. The
reference energy E = 0.7 GeV has been fixed to the T2K flux peak energy. For this peak energy and T2K
baseline, L/E = 421. The upper (lower) panel shows the ratio for NH (IH), the left (right) panel shows it
for neutrino (anti-neutrino). The non-unitary parameters are fixed to their boundary values in eq. (2.18)
taken from ref. [43] and we have set φ10 = 0.
(TASD), placed 810 km away from the neutrino source at the Fermilab and it is situated at
0.8◦ off-axis of the NuMI beam. The flux peaks at 2 GeV, close to the oscillation maxima at
1.4 GeV for NH and at 1.8 GeV for IH. NOνA started taking data in 2014 and so far have
taken data [12], corresponding to 8.85×1020 (6.9×1020) POTs, for neutrino (anti-neutrino)
mode.
To analyse the T2K and NOνA data, we have taken the solar neutrino parameters ∆21
and sin2 θ12 to be fixed at 7.50× 10−5 eV2 and 0.30, respectively. For the reactor neutrino
angle, sin2 2θ13 has been varied in its 3 σ range around the central value of 0.084 with
3.5% uncertainty [50]. For the atmospheric mixing angle, sin2 θ23 has been varied in the 3σ
range [0.40 : 0.63] [49, 51]. The atmospheric effective mass squared difference ∆m2eff has
been varied in the MINOS 3 σ range around the best-fit value of 2.32× 10−3 eV2 [52]. The
effective mass-squared difference ∆m2eff is related with ∆31 by the following relation [53]:
∆m2eff = sin
2 θ23∆31 + cos
2 θ12∆32 + cos δCP sin 2θ12 sin θ13 tan θ12∆21. (3.1)
Among the non-unitary parameters, α00, α11, |α10| and φ10 have been varied, while the
other non-unitary parameters have been kept constant at their boundary values. This
is because only these non-unitary parameters affect appreciably the νµ → νe oscillation
probability and the νµ → νµ survival probability. The choice of the values of α20, α21 and
α22 is justified in fig. 9. In this plot, we have shown the comparison between probabilities
for NOνA when all non-unitary parameters are fixed at their boundary values (denoted by
– 9 –
Figure 6. Same as Fig. 5 but the reference energy E = 2.0 GeV has been fixed to the NOνA flux peak
energy. For this peak energy and NOνA baseline, L/E = 405.
Figure 7. Same as Fig. 5 but the reference energy E = 2.5 GeV has been fixed to the DUNE flux peak
energy. For this peak energy and DUNE baseline, L/E = 520.
NOvA1) and when α00, α11, and α10 are at their boundary values, but other non-unitary
parameters are fixed at their unitary values (denoted by NOvA2). We can see that the
– 10 –
Figure 8. Same as Fig. 5 but the reference energy E = 5.0 GeV has been fixed to the flux peak energy of
an arbitrary future experiment.
difference between these two probabilities are negligible. The unitary parameters are fixed
at their present best-fit values taken from ref. [49, 51] and the hierarchy is NH. We further
calculated the χ2 between these two parameter sets for neutrino and anti-neutrino run in
NOνA with the latest POT. The χ2 value between these two sets of parameter with the
latest POT in NOνA happens to be 0.2. Therefore, it’s safe to say that the choice of α20,
α21 and α22 do not have any significant effect on the present accelerator neutrino data and
we can fix them at their boundary values without any controversy.
We have used GLoBES [54, 55] to calculate the binned theoretical event rates as a
function of the test values of the oscillation parameters. The energy dependent efficiencies
of the detector for both signal and background events have been fixed according to the
expected event rates plots as a function of energy, given in [10–13]. Automatic bin based
energy smearing for generated theoretical events has been implemented in the same way as
described in the GLoBES manual [54, 55]. For this purpose, we used a Gaussian smearing
function
Rc(E,E′) =
1√
2pi
e
− (E−E′)2
2σ2(E) , (3.2)
where E′ is the reconstructed energy. The energy resolution function is given by
σ(E) = αE + β
√
E + γ, (3.3)
where α = 0, β = 0.075, γ = 0.05 for T2K. For NOνA, however, we used α = 0, β = 0.085
(0.06), and γ = 0 for νe (νµ) events. For NC events, in NOνA, we used migration matrices
as discussed in [56]. The similar energy smearing techniques have been used in [16, 57, 58].
– 11 –
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Figure 9. Comparison of probabilities for NOνA with NH and different sets of values for α20, α21 and α22.
For NOvA1 (NOvA2), α00 = 0.93; α11 = 0.95; |α10 = 3.6× 10−2|; α20 = 1.3× 10−1 (0); α21 = 2.1× 10−2
(0); α22 = 0.61 (1). The standard oscillation parameters are fixed at their NH best-fit values, taken from
ref. [49, 51]. The left (right) panel shows the probabilities for neutrino(anti-neutrino) channel and the upper
(lower) panel shows probabilities for appearance (disappearance).
The experimental event rates have been taken from NOνA [12] and T2K [10, 11, 13]
collaboration papers. The χ2 between the theory and experiments have been calculated for
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the appearance and disappearance channels for both the neutrino and anti-neutrino runs
of both the experiments. We have used the Poissonian χ2 formula:
χ2 = 2
∑
i
{
(1 + z)N thi −N expi +N expi ln
[
N expi
(1 + z)N thi
]}
+ 2
∑
j
(1 + z)N thj + z
2 (3.4)
where i stands for the bins for which N expi 6= 0 and j stands for the bins for which N expj =
0. The parameter z defines the additional systematic uncertainties. For each of the two
experiments, we have included systematic uncertainties of 10%, using the pull method. We
have varied the pull parameters in their 3σ range and have marginalized over it to calculate
the χ2m as a function of the test values of the oscillation parameters and mass hierarchies.
For a particular experiment, the total χ2 is calculated by
χ2(tot) = χ2m(ν app) + χ
2
m(ν¯ app) + χ
2
m(ν disapp)
+χ2m(ν¯ disapp) + χ
2(prior) (3.5)
During the calculation of χ2(tot), we have to keep in mind that the test values of the
oscillation parameters are same for all the individual χ2ms. The χ2(tot) is a function of the
test values of the oscillation parameters and hierarchies. The definitions of the χ2(prior)
and its significance have been discussed in details in ref. [59]. In our analysis, we have used
priors to sin2 2θ13, sin2 θ23, and |∆m2eff |. Then, we found out the minimum χ2(tot) and
subtracted it from the χ2(tot) values to calculate the ∆χ2 as a function of the oscillation
parameters.
To do a combined analysis of the NOνA and T2K data, we define the total χ2 as:
χ2(tot) = χ2m(NOνA ν app) + χ
2
m(NOνA ν¯ app) + χ
2
m(T2K ν app) + χ
2
m(T2K ν¯ app)
+χ2m(NOνA ν disapp) + χ
2
m(NOνA ν¯ disapp)
+χ2m(T2K ν disapp) + χ
2
m(T2K ν¯ disapp) + χ
2(prior) (3.6)
Just like the separate analysis, priors have been added for the sin2 2θ13, sin2 θ23 and |∆m2eff |.
The ∆χ2 has been calculated as before.
In this work, we did not simulate the near detector in detail. The effect of the near
detector is included in both T2K and NOvA as errors in the systematic uncertainties. This
procedure is the common approach taken in the literature. This approximation is valid in
some specific regimes in the presence of extra heavy neutrinos, see [48] for the discussion.
We also remark that in order for the bounds on Non-unitary in any regime from near
detectors measurements to be competitive, it is necessary a very good knowledge of the
flux arriving at the near detectors (See a more detailed discussion on the impact of the flux
uncertainties in non-unitary and near detectors in [60]). Because the uncertainties in the
near detector flux for both T2K and NOνA is much larger than present bounds on those
parameters, our sensitivity comes entirely from the non-unitary effects of the propagation
of the three (active) neutrinos. This implies that our bounds are valid for heavy neutrinos
whose oscillations are averaged out or not produced because their masses are heavier than
the experimental energy and the systematic-like near detector effect approximation gives
the conservative bound.
– 13 –
4 Results and discussion
In this section, we discuss the analysis of the latest T2K and NOνA data individually with
the hypothesis of non-unitary 3× 3 mixing matrix. We have also done a combined analysis
of the T2K and NOνA data with the non-unitary hypothesis. To do so, we have varied
the parameters α00 and α11 from 0.7 to 1. The parameter |α10| has been varied from 0 to
0.2. The phase φ10, associated with α10, has been varied in its total rangeof [−180◦ : 180◦].
These are the only non-unitary parameters that matters in the νµ → νe oscillation or
νµ → νµ survival probabilities. Therefore, all other α parameters have been kept constant
at their boundary values, stated in ref. [43]. Moreover, only those values of the parameters
were chosen, for which |α10| ≤
√
(1− α00)2(1− α11)2 bound is obeyed [43, 61].
4.1 Individual analyses
For the non-unitary case, the minimum χ2 for the NOνA and T2K data are 44.32 and
121.37, respectively and they both occur at the NH. We have done similar analyses for both
the experiments separately with the unitary 3× 3 mixing hypothesis and got the minimum
χ2 for the NOνA and T2K data as 47.92 and 123.71, respectively, both for NH. We have
noted down the values of the unitary and non-unitary parameters at the best fit point for
NOνA and T2K in Tables 1 and 2 respectively. It can be seen that the mixing matrix
at the T2K prefers very tiny deviation from unitarity at the best-fit point. In fact, the
mixing matrix is effectively unitary at the T2K best-fit point. However, non-unitarity is
still allowed at 1σ C.L. For the IH, the minimum ∆χ2 for the NOνA (T2K) data in the
case of non-unitary mixing is 1.36 (2.49), and that for the unitary mixing is 2.7 (6.46). In
fig. 10, we have plotted the allowed region of the α parameters in triangular plots, showing
the 1σ and 3σ contours. The lighter triangle, labeled ∆χmin, corresponds to the best-fit
point in the non-unitary case. The darker triangle, labeled STD, corresponds to the best-fit
point in the standard 3× 3 unitary case. In the case of T2K, the allowed regions mostly lie
on the |α10| side of the triangle. That is because the constraint, put on |α10| by the T2K
data is quite strong. Even small deviation from |α10| = 0 is excluded by T2K at 3σ C.L.
This point will be illustrated in details later in fig. 16.
In fig. 11, we have shown the analysis of individual NOνA (upper panels) and T2K
(lower panels) data analysis in the δCP − sin2 θ23 plane for both unitary and non-unitary
hypothesis. For the standard unitary case of NOνA, we have got exact same best-fit value
as published by the collaboration [12]. The allowed region is also qualitatively same as the
collaboration, though we got a smaller allowed region for the CP conserving δCP values.
For T2K, our best fit point is close to the collaboration best fit point [13] and we have got
exact same allowed region as had been done by the collaboration.
It is clear from the plots that the agreement between the two experiments in the
sin2 θ23 − δCP plane is better, though not perfect, in the case of non-unitarity. In fact, the
NOνA data can put better constraints on the δCP values in the case of non-unitarity. While
the unitary hypothesis allows the whole δCP range, the non-unitarity can exclude almost
all of the UHP in the δCP range. The best-fit value of the sin2 θ23 increases a bit in the
case of non-unitary. Unlike the unitary mixing, the T2K best fit point is allowed by the
– 14 –
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Figure 10. Allowed regions of the α parameters in a triangle plot for NOνA (T2K) in the upper (lower)
panel. The left (right) panel is for NH (IH). The parameter values at the best fit point are listed in Table 1
(2) for NOνA (T2K).
NOνA data, in the case of non-unitary mixing. However, the unitary hypothesis can rule
out the allowed region for the IH at 1σ, whereas in the case of non-unitary, a small region
of the IH in the lower octant of θ23 and the upper range of δCP is allowed with a minimum
∆χ2 of 1.4.
In the case of T2K (fig. 11, bottom panels), the non-unitarity does not have any signifi-
cant effect on the best-fit point or the allowed region, as the best-fit points are similar to the
best-fit points of the unitary case. The non-unitarity just makes slightly larger significance
region in the sin2 θ23−δCP plane to be allowed at 3σ C.L. for IH. Because of that, the T2K
data continue to exclude (include) the NOνA best-fit point for the NH (IH) at 1σ (3σ)
C.L. Unlike NOνA, both the unitary and non-unitary mixing can exclude the IH allowed
region at 1σ C.L. for the T2K data. Therefore, T2K has a better hierarchy sensitivity than
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Figure 11. Allowed regions in the sin2 θ23−δCP plane for NOνA (T2K) in the upper (lower) panel. The left
(right) panel is for NH (IH). The red (blue) lines indicate 1σ (3σ) C.L. The minimum χ2 for NOνA (T2K)
in the case of unitary and non-unitary mixing are 47.92 and 44.38 (123.71 and 121.37), respectively. The
parameter values at the best-fit point have been mentioned in Table 1 (2) for NOνA (T2K).
NOνA in the case of non-unitary hypothesis.
In fig. 12, we have shown the allowed region in the δCP − φ10 plane for both the
NOνA and T2K data. It can be seen that for the NH, both NOνA and T2K cannot
exclude any value of φ10 at 1σ. For the IH, at 1σ C.L., data from NOνA allow a very small
region of δCP in the LHP and φ10 in UHP.
4.2 Combined analysis
Fig. 13 shows the allowed region in the δCP−sin2 θ23 and δCP−φ10 planes for the combined
analysis of the T2K and NOνA data. The minimum χ2 for the combined analysis is 170.90.
Same analysis has been done for the unitary 3 × 3 mixing, and the minimum χ2 for the
unitarity case has been found out to be 173.40. Therefore, the combined analysis, just like
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Figure 12. Allowed regions in the δCP − φ10 plane for NOνA (T2K) in the upper (lower) panel. The
left (right) panel is for NH (IH). The minimum χ2 for NOνA (T2K) in the case of unitary and non-unitary
mixing are 47.92 and 44.38 (123.71 and 121.37), respectively. The parameter values at the best-fit point
have been mentioned in Table 1 (2) for NOνA (T2K).
T2K, cannot disfavor any of the two hypotheses. The parameter values at the best-fit point
for this combined analysis has been given in Table 3. Due to the larger statistics of T2K,
the combined analysis best fit parameter values are closer to those from the T2K analysis.
For the combined analysis also, the mixing matrix at the best-fit point is effectively unitary.
The minimum ∆χ2 for IH is 8.16 (4.89) for (non-) unitary case. Therefore in fig. 13, there
is no allowed region at 1σ C.L. for IH. In fig. 14, we have shown the allowed region of α
parameters in a triangular plot, similar to fig. 10. Just like T2K, here also the allowed
regions lie on the |α10| side, for the strong constraint on the |α10| values.
We have shown ∆χ2 as a function of δCP, in the case of non-unitarity, for the individual
T2K and NOνA, and the combined analysis of the two experiments in fig. 15. It is obvious
that the individual T2K analysis can exclude 60% of the δCP plane at 2σ for the NH. It
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Figure 13. Allowed regions in the sin2 θ23 − δCP (δCP − φ10) plane for the combined analysis in the
upper (lower) panel. The left (right) panel is for NH (IH). The red (blue) lines indicate 1σ (3σ) C.L. The
minimum χ2 for the unitary (non-unitary) case is 173.40 (170.90). The parameter values at the best-fit
point have been mentioned in Table 3.
can also exclude the IH for 90% of the δCP plane at 2σ C.L. But, NOνA can exclude the
IH only for 50% of the δCP plane at 2σ, and for the NH, it cannot disfavor any value of
δCP at 2σ C.L. The combined analysis can exclude the IH at 2σ C.L. for every value of
δCP, and for the NH, it can exclude the UHP of δCP at 2σ C.L.
Finally, in fig. 16, we have plotted ∆χ2 as a function of the individual non-unitary α
parameters, so that one can have an idea of the bounds put on these parameters by the
individual T2K and NOνA analyses, and their combined analysis. It is clear from fig. 16
that analyses of T2K and the combined data from both the experiments put a strong
constraint on α parameters, especially the constraint on |α10| is quite strong. Any tiny
deviation from |α10| = 0 is excluded at 3σ C.L.
We list the best-fit parameter values with 1σ C.L. intervals for NOνA in Table 1.
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The best fit parameter values are reported with 1σ C.L. intervals, and the 90% and 3σ
C.L. limit for α parameters from the analyses of T2K and the combined data have been
mentioned in tables 2 and 3, respectively.
From fig. 16 and table 2, it is obvious that T2K data give a strong constrain on
the parameter α10. To justify that we have shown the comparison of probability and
electron event numbers for different values of α10 in figures 17 and 18. To generate these
plots, the unitary and non-unitary parameters, except α10 have been fixed to their best-fit
values obtained from T2K analyses and given in table 2. It can be seen from the fig. 17
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that the non-unitary probability with the parameter values at their T2K best-fit point
(α10 = 0) is very close to the standard unitary probability. This characteristic does not
change when α10 = 0.001 and other parameters are fixed at their best-fit values. In fig. 18,
it is obvious that with small change in α10, the change in anti-neutrino appearance is
significantly large and the strong constrain in α10 is coming mostly from the anti-neutrino
appearance channels. The experimental event rates have been taken from fig. 1 of ref. [13].
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Figure 17. Pµe (Pµµ) for T2K in upper (lower) panel with NH (IH) in the left (right) panel. The unitary
and non-unitary parameters are fixed at their T2K best-fit points given in table 2.
5 Conclusions
With the latest data, the NOνA experiment disfavors the unitary mixing at 1σ C.L. in
favor of the non-unitary mixing. The T2K experiment, though cannot exclude any of the
two hypotheses at 1σ C.L., puts a strong constraint on the non-unitary parameters. In fact,
at the T2K best-fit points, the mixing matrix is effectively unitary. With the non-unitary
hypothesis, NOνA includes the T2K best-fit point at 1σ C.L. But T2K still continues to
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for different α10 values. Other non-unitary and unitary parameters have been fixed to their best-fit values
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Parameters
unitary non-unitary
NH IH NH IH
∆m2eff
10−3 eV2 2.44
+0.02
−0.048 −2.44+0.02−0.048 2.396+0.004−0.026 −(2.41+0.01−0.05)
sin2 θ23 0.56
+0.01
−0.02 0.56
+0.01
−0.02 0.57
+0.01
−0.03 0.48
+0.04
−0.02
sin2 2θ13 (u) 0.084+0.002−0.002 0.084
+0.003
−0.002 0.084
+0.002
−0.003 0.084
+0.002
−0.003
δCP/
◦ (u) 0+40−50 −(110+30−50) −(72.42+106.57−60.55 ) −(81.02+60.77−30.01)
α00 0.83
+0.14
−0.05 0.84
+0.06
−0.07
|α10| 0.107+0.090−0.069 0.114+0.028−0.064
α11 0.95
+0.04
−0.03 0.97
+0.01
−0.02
φ10/
◦ 164.32+15.68−135.77 54.84
+69.63
−32.57
Table 1. Parameter values at the best-fit points for NOνA.
disfavor the NOνA best-fit point at 1σ C.L. Unitary hypothesis can exclude the IH at 1.5σ
C.L. for NOνA and at 2σ C.L. for T2K. With the non-unitary hypothesis, hierarchy can
be determined only at 1σ C.L. for the NOνA data. However, T2K can determine hierarchy
at 2σ for 90% of the δCP plane with the non-unitary hypothesis.
Because of the larger statistics of T2K, the combined analysis of the latest data from
the NOνA and T2K yield similar results like T2K. The combined analysis puts a very tight
constraint on the α parameters. Just like T2K, the combined analysis prefers an effectively
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Parameters
unitary non-unitary (best-fit) 90% (3σ)
NH IH NH IH NH IH
∆m2eff
10−3 eV2 2.512
+0.048
−0.048 −(2.512−0.048+0.048) 2.50+0.04−0.04 −(2.49+0.05−0.03)
sin2 θ23 0.53
+0.03
−0.04 0.53
+0.02
−0.03 0.52
+0.03
−0.03 0.53
+0.03
−0.03
sin2 2θ13 0.085
+0.003
−0.002 0.085
+0.002
−0.003 0.086
+0.001
−0.004 0.084
+0.004
−0.001
δCP/
◦ −(90+30−20) −(90+20−20) −(92.88+31.56−30.17) −(93.74+21.75−20.46)
α00 0.998 0.971 >0.88 (0.84) >0.90 (0.89)
|α10| 0.000 0.000 <0.0025 (0.0046) <0.002 (0.004)
α11 0.997 0.987 >0.95 (0.93) >0.95 (0.93)
φ10/
◦ −(157.27+22.65−336.86) 24.24+151.29−178.37
Table 2. Parameter values at the best-fit points for T2K. The 90% and 3σ limits for 1 d.o.f have
also been mentioned.
Parameters
unitary non-unitary (best-fit) 90% (3σ)
NH IH NH IH NH I H
∆m2eff
10−3 eV2 2.464
+0.024
−0.048 −(2.464+0.024−0.048) 2.47+0.02−0.04 −(2.449+0.003−0.023)
sin2 θ23 0.55
+0.03
−0.02 0.54
+0.01
−0.03 0.55
+0.02
−0.02 0.53
+0.01
−0.02
sin2 2θ13 0.085
+0.003
−0.002 0.085
+0.001
−0.004 0.084
+0.003
−0.002 0.085
+0.001
−0.002
δCP/
◦ −(80+40−30) −(100+10−20) −(77.60+48.44−31.05) −(99.82+9.08−23.50)
α00 0.998 0.997 >0.91 (0.86) >0.93 (0.91)
|α10| 0.000 0.000 <0.0008 (0.0016) <0.0004(0.0016)
α11 0.993 0.998 >0.95 (0.93) >0.97 (0.96)
φ10/
◦ 120.41+59.57−300.33) 4.31
+162.71
−181.51
Table 3. Parameter values at the best-fit points for combined data from NOνA and T2K. The
90% and 3σ limits for 1 d.o.f. have also been mentioned.
unitary mixing matrix at the best-fit point, however, the 1σ region of NOνA non-unitarity
cannot be excluded completely at T2K 1σ. The combined analysis can determine hierarchy
at 2σ C.L. for the total δCP plane.
It should be noted that there is a discrepancy between the NOνA and T2K, when
analyzed with non-unitary hypothesis. While T2K prefers effectively unitary matrix at the
best fit point, and allows a very small deviation from unitarity both at 1σ and 3σ C.L.,
NOνA prefers non-unitarity with large deviations over unitarity at 1σ C.L.
The 90% (3σ) C.L. bound on the parameter |α10| we obtained from the T2K data
analysis is < 2.5× 10−3 (< 4.6× 10−3). For the combined T2K and NOνA data analysis,
this bound is < 8× 10−3 (< 1.6× 10−3) at 90% (3σ) C.L. These bounds are stronger than
those reported in ref. [43] for the neutrinos only. The bounds we obtained on the diagonal
α parameters are weaker than those reported in ref. [43].
It is important that the future analysis of NOνA and T2K data are done with the non-
unitary 3×3 mixing hypothesis, besides the standard unitary mixing hypothesis in order to
find new physics signatures. It will be interesting to observe if the slight discrepancy between
the two experiments grow over time with more data. Future long baseline experiments like
DUNE and T2HK will also be able to search for signatures of non-unitarity.
– 23 –
Acknowledgement
PP thanks to the CNPq funding grant 155374/2018-4, FAPESP funding grant 2014/19164-6
and the partial support of the Coordenação de Aperfeiçoamento de Pessoal de Nível Supe-
rior - Brasil (CAPES) - Finance Code 001. SR acknowledges support from the National
Research Foundation (South Africa) with grant No. 111749 (CPRR) and by the University
of Johannesburg Research Council grant. SR also thanks Max Planck Institut fur¨ Kern-
physik, Heidelberg, Germany for hospitality and A.Yu. Smirnov for useful discussion where
part of this work was done.
References
[1] J. N. Bahcall, M. C. Gonzalez-Garcia and C. Pena-Garay, Solar neutrinos before and after
neutrino 2004, JHEP 08 (2004) 016 [hep-ph/0406294].
[2] SNO collaboration, Direct evidence for neutrino flavor transformation from neutral current
interactions in the Sudbury Neutrino Observatory, Phys. Rev. Lett. 89 (2002) 011301
[nucl-ex/0204008].
[3] Kamiokande collaboration, Atmospheric muon-neutrino / electron-neutrino ratio in the
multiGeV energy range, Phys. Lett. B335 (1994) 237.
[4] DAYA-BAY collaboration, Observation of electron-antineutrino disappearance at Daya Bay,
Phys.Rev.Lett. 108 (2012) 171803 [1203.1669].
[5] RENO collaboration, Observation of Reactor Electron Antineutrino Disappearance in the
RENO Experiment, Phys.Rev.Lett. 108 (2012) 191802 [1204.0626].
[6] Double Chooz collaboration, Indication for the disappearance of reactor electron
antineutrinos in the Double Chooz experiment, Phys.Rev.Lett. 108 (2012) 131801
[1112.6353].
[7] MINOS collaboration, Final minos results, 2012.
[8] T2K collaboration, The JHF-Kamioka neutrino project, hep-ex/0106019.
[9] NOvA collaboration, NOvA: Proposal to build a 30 kiloton off-axis detector to study nu(mu)
to nu(e) oscillations in the NuMI beamline, hep-ex/0503053.
[10] T2K collaboration, Measurement of neutrino and antineutrino oscillations by the T2K
experiment including a new additional sample of νe interactions at the far detector, Phys.
Rev. D96 (2017) 092006 [1707.01048].
[11] T2K collaboration, Search for CP violation in Neutrino and Antineutrino Oscillations by the
T2K experiment with 2.2× 1021 protons on target, 1807.07891.
[12] NOvA collaboration, First Measurement of Neutrino Oscillation Parameters using
Neutrinos and Antineutrinos by NOvA, 1906.04907.
[13] T2K collaboration, Constraint on the Matter-Antimatter Symmetry-Violating Phase in
Neutrino Oscillations, 1910.03887.
[14] M. Sanchez, Nova results and prospects, June, 2018. 10.5281/zenodo.1286758.
[15] NOvA collaboration, New constraints on oscillation parameters from νe appearance and νµ
disappearance in the NOvA experiment, Phys. Rev. D (2018) [1806.00096].
– 24 –
[16] M. Nizam, S. Bharti, S. Prakash, U. Rahaman and S. Uma Sankar, Tension between the
latest T2K and NOνA data, 1811.01210.
[17] G. Mention, M. Fechner, T. Lasserre, T. A. Mueller, D. Lhuillier, M. Cribier et al., The
Reactor Antineutrino Anomaly, Phys. Rev. D83 (2011) 073006 [1101.2755].
[18] T. Lasserre, (light) sterile neutrino, 2014.
[19] SAGE collaboration, Measurement of the solar neutrino capture rate with gallium metal. III:
Results for the 2002–2007 data-taking period, Phys. Rev. C80 (2009) 015807 [0901.2200].
[20] GALLEX collaboration, GALLEX solar neutrino observations: Results for GALLEX IV,
Phys. Lett. B447 (1999) 127.
[21] GALLEX collaboration, Final results of the Cr-51 neutrino source experiments in
GALLEX, Phys. Lett. B420 (1998) 114.
[22] SAGE collaboration, Measurement of the response of the Russian-American gallium
experiment to neutrinos from a Cr-51 source, Phys. Rev. C59 (1999) 2246 [hep-ph/9803418].
[23] LSND collaboration, Evidence for neutrino oscillations from the observation of
anti-neutrino(electron) appearance in a anti-neutrino(muon) beam, Phys. Rev. D64 (2001)
112007 [hep-ex/0104049].
[24] MiniBooNE collaboration, A Search for Electron Neutrino Appearance at the ∆m2 ∼ 1eV 2
Scale, Phys. Rev. Lett. 98 (2007) 231801 [0704.1500].
[25] K. Abazajian et al., Light Sterile Neutrinos: A White Paper, 1204.5379.
[26] IceCube collaboration, Searches for Sterile Neutrinos with the IceCube Detector, Phys. Rev.
Lett. 117 (2016) 071801 [1605.01990].
[27] MiniBooNE collaboration, Significant Excess of ElectronLike Events in the MiniBooNE
Short-Baseline Neutrino Experiment, Phys. Rev. Lett. 121 (2018) 221801 [1805.12028].
[28] D. A. Bryman and R. Shrock, Constraints on Sterile Neutrinos in the MeV to GeV Mass
Range, 1909.11198.
[29] S. Böser, C. Buck, C. Giunti, J. Lesgourgues, L. Ludhova, S. Mertens et al., Status of Light
Sterile Neutrino Searches, 1906.01739.
[30] L. S. Miranda and S. Razzaque, Revisiting constraints on 3 + 1 active-sterile neutrino
mixing using IceCube data, JHEP 03 (2019) 203 [1812.00831].
[31] S. Gupta, Z. M. Matthews, P. Sharma and A. G. Williams, The Effect of a Light Sterile
Neutrino at NOνA and DUNE, Phys. Rev. D98 (2018) 035042 [1804.03361].
[32] A. Chatla, S. Rudrabhatla and B. A. Bambah, Degeneracy Resolution Capabilities of NOνA
and DUNE in the Presence of Light Sterile Neutrino, Adv. High Energy Phys. 2018 (2018)
2547358 [1804.02818].
[33] S. Choubey, D. Dutta and D. Pramanik, Measuring the Sterile Neutrino CP Phase at DUNE
and T2HK, Eur. Phys. J. C78 (2018) 339 [1711.07464].
[34] S. Choubey, D. Dutta and D. Pramanik, Imprints of a light Sterile Neutrino at DUNE,
T2HK and T2HKK, Phys. Rev. D96 (2017) 056026 [1704.07269].
[35] J. M. Berryman, A. de Gouvêa, K. J. Kelly and A. Kobach, Sterile neutrino at the Deep
Underground Neutrino Experiment, Phys. Rev. D92 (2015) 073012 [1507.03986].
– 25 –
[36] D. V. Forero, S. Morisi, M. Tortola and J. W. F. Valle, Lepton flavor violation and
non-unitary lepton mixing in low-scale type-I seesaw, JHEP 09 (2011) 142 [1107.6009].
[37] J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez and J. W. F. Valle, Lepton Flavor
Nonconservation at High-Energies in a Superstring Inspired Standard Model, Phys. Lett.
B187 (1987) 303.
[38] J. Schechter and J. W. F. Valle, Neutrinoless Double beta Decay in SU(2) x U(1) Theories,
Phys. Rev. D25 (1982) 2951.
[39] W. Rodejohann, Neutrino-less Double Beta Decay and Particle Physics, Int. J. Mod. Phys.
E20 (2011) 1833 [1106.1334].
[40] S.-F. Ge, P. Pasquini, M. Tortola and J. W. F. Valle, Measuring the leptonic CP phase in
neutrino oscillations with nonunitary mixing, Phys. Rev. D95 (2017) 033005 [1605.01670].
[41] C. Soumya and M. Rukmani, Non-unitary lepton mixing in an inverse seesaw and its impact
on the physics potential of long-baseline experiments, J. Phys. G45 (2018) 095003.
[42] C. S. Fong, H. Minakata and H. Nunokawa, Non-unitary evolution of neutrinos in matter
and the leptonic unitarity test, JHEP 02 (2019) 015 [1712.02798].
[43] F. J. Escrihuela, D. V. Forero, O. G. Miranda, M. Tórtola and J. W. F. Valle, Probing CP
violation with non-unitary mixing in long-baseline neutrino oscillation experiments: DUNE
as a case study, New J. Phys. 19 (2017) 093005 [1612.07377].
[44] S. Verma and S. Bhardwaj, Probing Non-unitary CP Violation effects in Neutrino
Oscillation Experiments, Indian J. Phys. 92 (2018) 1161 [1609.06412].
[45] F. J. Escrihuela, D. V. Forero, O. G. Miranda, M. Tortola and J. W. F. Valle, On the
description of nonunitary neutrino mixing, Phys. Rev. D92 (2015) 053009 [1503.08879].
[46] W. Grimus and L. Lavoura, The Seesaw mechanism at arbitrary order: Disentangling the
small scale from the large scale, JHEP 11 (2000) 042 [hep-ph/0008179].
[47] H. Hettmansperger, M. Lindner and W. Rodejohann, Phenomenological Consequences of
sub-leading Terms in See-Saw Formulas, JHEP 04 (2011) 123 [1102.3432].
[48] M. Blennow, P. Coloma, E. Fernandez-Martinez, J. Hernandez-Garcia and J. Lopez-Pavon,
Non-Unitarity, sterile neutrinos, and Non-Standard neutrino Interactions, JHEP 04 (2017)
153 [1609.08637].
[49] I. Esteban, M. C. Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni and T. Schwetz,
Global analysis of three-flavour neutrino oscillations: synergies and tensions in the
determination of θ23, δCP , and the mass ordering, JHEP 01 (2019) 106 [1811.05487].
[50] Daya Bay collaboration, Latest results from the Daya Bay experiment, PoS NuFact2017
(2018) 039.
[51] Numbers taken from http: // www. nu-fit. org/ ?q= node/ 45 , .
[52] MINOS collaboration, Measurement of the Neutrino Mass Splitting and Flavor Mixing by
MINOS, Phys. Rev. Lett. 106 (2011) 181801 [1103.0340].
[53] H. Nunokawa, S. J. Parke and R. Zukanovich Funchal, Another possible way to determine the
neutrino mass hierarchy, Phys.Rev. D72 (2005) 013009 [hep-ph/0503283].
[54] P. Huber, M. Lindner and W. Winter, Simulation of long-baseline neutrino oscillation
experiments with GLoBES (General Long Baseline Experiment Simulator),
Comput.Phys.Commun. 167 (2005) 195 [hep-ph/0407333].
– 26 –
[55] P. Huber, J. Kopp, M. Lindner, M. Rolinec and W. Winter, New features in the simulation of
neutrino oscillation experiments with GLoBES 3.0: General Long Baseline Experiment
Simulator, Comput.Phys.Commun. 177 (2007) 432 [hep-ph/0701187].
[56] S. K. Agarwalla, S. Prakash, S. K. Raut and S. U. Sankar, Potential of optimized NOvA for
large θ(13) and combined performance with a LArTPC and T2K, JHEP 1212 (2012) 075
[1208.3644].
[57] S. Prakash, U. Rahaman and S. U. Sankar, The need for an early anti-neutrino run of
NOνA, JHEP 07 (2014) 070 [1306.4125].
[58] S. Bharti, S. Prakash, U. Rahaman and S. Uma Sankar, Understanding the degeneracies in
NOνA data, JHEP 09 (2018) 036 [1805.10182].
[59] R. Gandhi, P. Ghoshal, S. Goswami, P. Mehta, S. U. Sankar and S. Shalgar, Mass Hierarchy
Determination via future Atmospheric Neutrino Detectors, Phys. Rev. D76 (2007) 073012
[0707.1723].
[60] O. Miranda, P. Pasquini, M. Tortola and J. Valle, Exploring the Potential of Short-Baseline
Physics at Fermilab, Phys. Rev. D 97 (2018) 095026 [1802.02133].
[61] S. Antusch and O. Fischer, Non-unitarity of the leptonic mixing matrix: present bounds and
future sensitivities, Journal of High Energy Physics 2014 (2014) .
– 27 –
